Membrane binding of the myristoylated alanine-rich C kinase substrate (MARCKS) requires both its myristate chain and basic "effector" region. Previous studies with a peptide corresponding to the effector region, MARCKS-(151-175), showed that the 13 basic residues interact electrostatically with acidic lipids and that the 5 hydrophobic phenylalanine residues penetrate the polar head group region of the bilayer. Here we describe the kinetics of the membrane binding of fluorescent (acrylodan-labeled) peptides measured with a stopped-flow technique. Even though the peptide penetrates the polar head group region, the association of MARCKS-(151-175) with membranes is extremely rapid; association occurs with a diffusion-limited association rate constant. For example, k on ‫؍‬ 10 The myristoylated alanine-rich C kinase substrate (MARCKS), 1 a major substrate of protein kinase C in many cell types, is essential for brain development (1). Although the exact function of MARCKS is not known, this peripheral protein binds to calmodulin (2) and actin (3) and may play a role in secretion, membrane trafficking, and cell motility (reviewed in Refs. 4 and 5). In the plasma membranes of macrophages, MARCKS is concentrated in lateral domains (6): it colocalizes with actin filaments and protein kinase C-␣ in nascent phagosomes (7). Binding of MARCKS to either phospholipid vesicles or biological membranes requires both the insertion of its myristate chain into the hydrocarbon interior of the membrane and interaction of its basic effector region with acidic phospholipids (Refs. 8 -13; reviewed in Refs. 14 -16). Phosphorylation by protein kinase C (reviewed in Ref. 17) introduces three negatively charged phosphates into the effector region, which weakens its electrostatic interaction with acidic lipids and produces desorption of MARCKS from membranes (9 -11, 18). Ca 2ϩ -calmodulin (Ca 2ϩ ⅐CaM) binds with high (nanomolar) affinity to the effector region, producing desorption of MARCKS from both phospholipid vesicles and plasma membranes (10, 11).
Membrane binding of the myristoylated alanine-rich C kinase substrate (MARCKS) requires both its myristate chain and basic "effector" region. Previous studies with a peptide corresponding to the effector region, MARCKS-(151-175), showed that the 13 basic residues interact electrostatically with acidic lipids and that the 5 hydrophobic phenylalanine residues penetrate the polar head group region of the bilayer. Here we describe the kinetics of the membrane binding of fluorescent (acrylodan-labeled) peptides measured with a stopped-flow technique. Even though the peptide penetrates the polar head group region, the association of MARCKS-(151-175) with membranes is extremely rapid; association occurs with a diffusion-limited association rate constant. For example, k on ‫؍‬ 10 The myristoylated alanine-rich C kinase substrate (MARCKS), 1 a major substrate of protein kinase C in many cell types, is essential for brain development (1) . Although the exact function of MARCKS is not known, this peripheral protein binds to calmodulin (2) and actin (3) and may play a role in secretion, membrane trafficking, and cell motility (reviewed in Refs. 4 and 5) . In the plasma membranes of macrophages, MARCKS is concentrated in lateral domains (6) : it colocalizes with actin filaments and protein kinase C-␣ in nascent phagosomes (7) . Binding of MARCKS to either phospholipid vesicles or biological membranes requires both the insertion of its myristate chain into the hydrocarbon interior of the membrane and interaction of its basic effector region with acidic phospholipids (Refs. 8 -13 ; reviewed in Refs. 14 -16) . Phosphorylation by protein kinase C (reviewed in Ref. 17 ) introduces three negatively charged phosphates into the effector region, which weakens its electrostatic interaction with acidic lipids and produces desorption of MARCKS from membranes (9 -11, 18) . Ca 2ϩ -calmodulin (Ca 2ϩ ⅐CaM) binds with high (nanomolar) affinity to the effector region, producing desorption of MARCKS from both phospholipid vesicles and plasma membranes (10, 11) .
Several experiments suggest that a peptide corresponding to the effector region of bovine MARCKS, MARCKS-(151-175), is a good model for studying the membrane binding of this region. First, membrane binding of both the protein and the peptide depends strongly on the mole fraction of acidic lipid in the membrane and the ionic strength of the solution (10, 19) . Second, CaM binds with high affinity to both the peptide and the effector region of the protein, producing desorption of both molecules from membranes (2, 10, 11, 20, 21) . Third, protein kinase C phosphorylation inhibits the membrane binding of both MARCKS and the peptide (9, 10, 18, 19) . Fourth, both MARCKS and MARCKS-(151-175) inhibit the phospholipase C-catalyzed hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP 2 ). The peptide produces lateral domains enriched in PIP 2 , but not phospholipase C, which could explain this inhibition (22) . Fig. 1 shows a molecular model of acrylodan-labeled MARCKS-(151-175) bound to a 2:1 phosphatidylcholine/phosphatidylserine (PC/PS) membrane; the model is consistent with the available structural data. Circular dichroism studies of MARCKS-(151-175) suggest that the peptide has little defined secondary structure, either in solution or when bound to a membrane (23, 24) . Association of MARCKS-(151-175) with a lipid monolayer held at a constant area increases the surface pressure, which shows that it penetrates the head group region (22) . More detailed EPR studies indicate that membrane-bound MARCKS-(151-175) is in an extended conformation (24) : the 5 phenylalanine residues penetrate the polar head group region, whereas the first 6 amino acids, which are positively charged, remain outside this region. In Fig. 1 , we show acrylodan attached to a cysteine-substituted residue at the N terminus of the peptide; we used this peptide for our kinetic studies. A blue shift in the fluorescence of this polarity-sensitive probe (26) occurs when the labeled peptide binds to membranes (19) , suggesting that the fluorophore inserts into the membrane as indicated in Fig. 1 
]PC) was purchased from Amersham Corp., and 6-acryloyl-2-dimethylaminonaphthalene (acrylodan) from Molecular Probes, Inc. (Eugene, OR). K151C-MARCKS-(151-175) has the sequence acrylodan-CKKKKRFSFKKSFLKSGFSFKKNKK-amide and was obtained from Boehringer Mannheim (Mannheim, Germany; purity Ͼ 96%). The standard buffer contained 100 mM KCl and 1 mM MOPS, pH 7; buffers with 200 mM KCl were used in some experiments. Bovine brain calmodulin (high purity) was purchased from Calbiochem, and hog brain calmodulin was obtained from Boehringer Mannheim.
Peptide Synthesis and Labeling-F160C-MARCKS-(151-175), a peptide corresponding to the basic effector region of bovine MARCKS with the ninth phenylalanine changed to cysteine (acetyl-KKKKKRF-SCKKSFKLSGFSFKKNKK-amide) and this cysteine labeled with acrylodan, was synthesized on a Gilson Multiple Peptide system (AMS 422) using a Rink amide p-methylbenzhydrylamine resin and Fmoc chemistry. N-terminal acetylation of the resin-bound peptide was carried out using acetic anhydride and diisopropylethylamine. The peptide was cleaved by reacting the resin with trifluoroacetic acid/ethanedithiol/thioanisole/anisole/water (89:3:3:2:3) for 6 h. The resulting peptide solution was filtered, precipitated in cold ether, dried, and reacted with 1.2 eq of acrylodan in dimethylformamide for 12 h; the reaction mixture was then quenched with water and lyophilized. The lyophilized mixture was dissolved in water, applied to a reverse-phase C 18 high pressure liquid chromatography column, and eluted with a 10 -45% gradient of acetonitrile in water using a flow rate of 3 ml/min; the pure labeled peptide eluted in 26 -27 min. The purified peptides were examined using electrospray/ionization mass spectrometry and yielded m/z values of 3304, consistent with the expected molecular mass for the derivatized peptide. C-K 7 (acrylodan-CKKKKKKK-amide) was synthesized on an Applied Biosystems Model 431A peptide synthesizer using Fmoc chemistry at the Center for Analysis and Synthesis of Macromolecules, State University of New York (Stony Brook, NY). Cleavage of C-K 7 from the resin, purification, and labeling with acrylodan were performed as described above for F160C-MARCKS-(151-175).
Vesicle Preparation-The initial concentration of lipids in chloroform was measured on a Cahn electrobalance, a method that gives the same results as phosphate analysis (27) . Trace amounts of [
14 C]PC were added to the lipid mixture to determine the final lipid concentration. Lipid mixtures were dried on a rotary evaporator and resuspended in the standard buffer to obtain multilamellar vesicles. Large unilamellar vesicles (LUV) were made by extruding multilamellar vesicles 10 times through a stack of two polycarbonate filters (100-, 400-, or 600-nm pore diameter) after five freeze-thaw cycles (28) . LUV 100 (produced using 100-nm pore filters) are unilamellar and have a well defined size distribution, with an average diameter of 100 Ϯ 5 nm (28 -30) . LUV 400 and LUV 600 preparations include both unilamellar and multilamellar vesicles with broader size distributions: LUV 400 produced at 50 -100 p.s.i. extrusion pressure have average diameters of 200 Ϯ 20 nm; LUV 600 have a complex bimodal size distribution, with diameters of ϳ100 -200 and 400 nm (30, 31) . Unless specified, preparations and measurements were done at room temperature (22-23°C) .
Kinetic Measurements: Determination of Association Rate Constant-We consider the association of the peptide (P) with the vesicle (V) to form PV. In the simplest case, partitioning occurs in a single step with a second-order association rate constant (k on ) and a first-order dissociation rate constant (k off ) (Equation 1), (32) .
The diffusion-limited association rate constant (k diff ) is the highest possible value for k on . For a peptide partitioning onto a vesicle,
, where N A is Avogadro's number, R V ϩ R P is the sum of the radii of the vesicle and the peptide, and D V ϩ D P is the sum of diffusion coefficients of the vesicle and the peptide (33) (34) (35) . The vesicle is much larger than the peptide (R V ϩ R P Ϸ R V ), and the diffusion coefficient of the vesicle is much lower than that of the peptide (D V ϩ D P Ϸ D P ); hence, Equation 4 follows.
Kinetic measurements were performed on an SLM-AMINCO spectrofluorometer with a stopped-flow attachment (Milliflow SLM-AMINCO, Rochester, NY). The dead time was 2-4 ms as determined by measuring the reaction of pyranine (Molecular Probes, Inc.) with bovine carbonic anhydrase (Sigma) as described by the manufacturer. Acrylodan fluorescence was monitored at 455-460 nm with excitation at 362-370 nm and slit widths of 4 -8 nm. All solutions were degassed. In a typical experiment, 100 nM peptide in buffer was mixed rapidly with the vesicle solution in a stopped-flow chamber (volume ϭ 32 l). An average of at least 10 shots was fit with a single exponent (least squares (22) (23) (24) : the peptide (colored gold) is located at the membrane interface in an extended conformation with its highly basic N terminus in the aqueous phase and its five phenylalanines (green phenyl rings) partially embedded in the polar head group region. The positively charged nitrogens on lysine and arginine are colored blue. Acrylodan (colored yellow) is shown penetrating the membrane. The head group region of the membrane is shown in light gray, and the acyl chain region is shown in dark gray. The peptide model was built using the Insight/Discover molecular modeling program (INSIGHT-II, MSI), and the figure was generated using GRASP (25) . method). The quality of the fit was checked by examining the residuals between the data points and the fit.
Measurements of Dissociation Rate Constants-We determined the dissociation rate constant (k off ) in three ways: as the y axis intercept of a plot of 1/ versus [V] (Equation 3), from the kinetics of peptide transfer from donor to acceptor vesicles (see below), and as the ratio of the association rate constant and the molar partition coefficient (see Equation 7 ).
In the second approach, we mixed acceptor vesicles (V*) with a solution containing peptide adsorbed to donor vesicles (PV). We describe the redistribution of the peptide from donor to acceptor vesicles using Equation 5 ,
where k* on and k* off are the association and dissociation rate constants for the peptide binding to acceptor vesicles, respectively. As discussed elsewhere (36) , the relaxation time of the transfer process ( tr ) is dominated by k off if three conditions are met:
and k* on Ϸ k on ; the second condition is met because the acceptor vesicles have a higher mole percent acidic lipid, which increases the affinity of the peptide for V* compared with V; and the third condition is met because the peptide binds strongly to the vesicles (k off Ͻ 100 s
Ϫ1
) and association is rapid (we used an excess of the acceptor vesicles, k* on [V*] Ͼ 1000 s Ϫ1 ). Under these conditions, Equation 6 follows.
We measured the transfer of the peptide from donor to acceptor vesicles by resonance energy transfer assay. The acrylodan label on the peptide (excitation at 370 nm) fluoresces at 520 nm in buffer and at 460 nm when bound to membranes; the NBD label on the lipid (excitation at 460 nm) emits at 540 nm. Thus, acrylodan-labeled MARCKS-(151-175) produces little fluorescence at 460 nm if it is either free in solution or bound to a membrane containing NBD-labeled lipid. In a typical experiment, one syringe contained peptide premixed with donor vesicles under conditions where most of the peptide was bound; the other syringe contained an excess of acceptor vesicles containing a high mole percent acidic lipid (usually 1:1 PC/PS; molar partition coefficient of peptide onto these vesicles of K Ͼ 10 7 M Ϫ1 (19)). Either donor or acceptor vesicles contained 1 mol % NBD-labeled PE, PS, or PG to quench acrylodan fluorescence. We obtained tr from a single exponential fit of the acrylodan fluorescence as a function of time. The relaxation time was independent of vesicle concentration when the ratio of acceptor to donor vesicles was Ͼ8, indicating that the three conditions are met and peptide transfer occurs through the aqueous phase.
We obtained our third independent estimate of the dissociation rate constant (k off ) using the measured values of k on / and the molar partition coefficient (K) (Equation 7).
The molar partition coefficient is the reciprocal of [L] that binds 50% of the peptide. The determination of K is described in "Appendix B" and elsewhere (19, 37) .
Calmodulin-induced Dissociation of MARCKS-(151-175) from
Vesicles-We also used resonance energy transfer to measure the transfer of acrylodan-labeled MARCKS-(151-175) from vesicles to Ca 2ϩ ⅐CaM. One syringe contained peptide bound to vesicles containing 1 mol % NBDlabeled PS or PG to quench the acrylodan fluorescence of the peptide. The other syringe contained Ca 2ϩ ⅐CaM in 100 mM KCl and 1 mM MOPS, pH 7, and 50 or 100 M CaCl 2 . We mixed the contents of the two syringes and monitored the increase in acrylodan fluorescence that occurred when peptides moved from vesicles to calmodulin (excitation at 370 nm and emission at 460 nm). We designed the experiments so that initially, most of the peptide was bound to vesicles, and after mixing with Ca 2ϩ ⅐CaM, most of the peptide was bound to Ca 2ϩ -calmodulin. Control experiments showed that the relaxation time for MARCKS-(151-175) transfer from the membrane to CaM ( CaM ) was independent of both lipid concentration (for example, 50 (Table I ). The data in Fig. 2B show that k on is independent of two factors that produce order-of-magnitude changes in the molar partition coefficient (K): the mole percent acidic lipid in the vesicles (see column C in Table II ) and the ionic strength (Ref. 19 and "Appendix B"). The values of k on should be independent of K for a diffusion-limited process (Equation 4).
RESULTS

Kinetics of Acrylodan-labeled MARCKS-(151-175) Association with Membranes Are Diffusion-limited-We
We studied the kinetics of K151C-MARCKS-(151-175) binding to smaller vesicles (LUV 100 ) for two reasons. First, these 100-nm vesicles have been well characterized: they are unilamellar with a well defined average diameter of 100 Ϯ 5 nm (28 -30) . This facilitates comparison of the k on values obtained from experimental measurements with the value of k on predicted for a diffusion-limited process. Fig. 3 dues penetrate the polar head group region (Fig. 1) . The second reason for measuring the binding of K151C-MARCKS-(151-175) to vesicles of different sizes was to see if k on depends on the size of the vesicles. Fig. 3 shows that k on is higher for LUV 600 than for LUV 100 as predicted theoretically (Equation 4). Acrylodan-labeled MARCKS-(151-175) binds to LUV 600 , LUV 400 , and LUV 100 with k on Ϸ 3 ϫ 10 11 , 2 ϫ 10 11 , and 1 ϫ 10 11 M Ϫ1 s Ϫ1 , respectively (column B in Table I ). This dependence of k on on R V (see Table I ) is consistent with our conclusion that partitioning of MARCKS-(151-175) onto vesicles is a diffusion-limited process (Equation 4).
K151C-MARCKS-(151-175) and C-K 7
Display Similar Membrane-binding Kinetics-Although K151C-MARCKS-(151-175) binding kinetics agree with the theoretical calculations for a diffusion-limited process, there are a number of assumptions inherent in these calculations (33) . Thus, we compared the binding kinetics of K151C-MARCKS-(151-175) with those of heptalysine, a simpler peptide. The available data suggest that basic peptides such as heptalysine do not penetrate the lipid head group region and associate with membranes through nonspecific electrostatic interactions (38, 39) ; thus, the binding kinetics of C-K 7 should be diffusion-limited. Table I shows the association rate constants obtained for C-K 7 binding to LUV 600 and LUV 100 ; the values of k on obtained with C-K 7 and K151C-MARCKS-(151-175) agree qualitatively. Taken together, our observations that (i) k on for acrylodanlabeled MARCKS-(151-175) is independent of changes in the molar partition coefficient (Fig. 2) , (ii) the values of k on agree well with the estimates for a diffusion-limited process (Table I) , (iii) k on is proportional to the radius of the vesicle (Fig. 3) , (iv) the values of k on for K151C-MARCKS-(151-175) and C-K 7 are comparable (Table I) , and (v) k on decreases 2-fold when the viscosity increases 2-fold upon addition of 20% glycerol to the solution (data not shown) provide good evidence that the partitioning of acrylodan-labeled MARCKS-(151-175) onto vesicles is a diffusion-limited process.
Determination of the Dissociation Rate Constant (k off ) for Acrylodan-labeled MARCKS-(151-175)-
The lifetime of the peptide on the membrane is 1/k off . We determined the dissociation rate constant in three ways. First, we determined k off as the y axis intercept of a plot of 1/ versus lipid concentration (Equation 3). Fig. 3 Second, we measured the rate at which the peptide moves from donor to acceptor vesicles to determine k off more directly using resonance energy transfer between acrylodan on the peptide and NBD on the vesicles (Equations 5 and 6). Fig. 6 illustrates the dissociation kinetics of K151C-MARCKS-(151-175) measured in two ways. First, we measured the decrease in fluorescence that occurs when the peptide dissociates from donor vesicles in the presence of an excess of acceptor vesicles containing 1 mol % NBD-labeled lipid, which quenches the acrylodan fluorescence of bound peptide (circles in Fig. 6 ). Second, we measured the increase in fluorescence that occurs when the peptide dissociates from donor vesicles containing 1 mol % NBD-labeled lipid and associates with unlabeled acceptor vesicles (squares in Fig. 6 ). The solid curves are single exponential fits of the data; although the transfer is a complex (Table I) .
TABLE II Dissociation rate constants of K151C-MARCKS-(151-175)
from LUV 100 Dissociation rate constants (k off ) were determined as the y axis inter- 
Kinetics of Interaction of MARCKS, Membranes, and CaM
process, the kinetics can be described approximately by a single exponent (see Equations 5 and 6). The relaxation time ( tr Ϸ 175 ms) is the same in experiments using either labeled or unlabeled acceptor vesicles; this is consistent with the expectation that the measured kinetics were determined by the dissociation of the peptide from donor vesicles (Equation 6). Column B in Table II lists the values of k off measured by transfer to acceptor vesicles, which agree within experimental error with the values of k off estimated from the y axis intercepts (column A in Table II and Figs. 3 and 5 ). For example, for 10:1 PC/PS vesicles, we estimated k off Ϸ 8 s Ϫ1 from the y intercept in Fig. 5 and k off ϭ 6 s Ϫ1 from the fit of the data in Fig. 6 . For a diffusion-limited process, the lifetime (1/k off ) should be proportional to the molar partition coefficient (K) ( Equation 7). This is qualitatively true, as illustrated in Table II (compare columns A and B with column C).
Third, using the values of K and k on / determined experimentally, we calculated the dissociation rate constant (k off ) from Equation 7. We determined K for acrylodan-labeled MARCKS-(151-175) using a titration assay; the results are summarized in "Appendix B" and column C of Table II . Column D in Table II presents the values of k off calculated from Equation 7. Comparison of columns A, B, and D in Table II shows that the values of k off determined by the three techniques agree qualitatively. Our observation that calmodulin reduces the lifetime of acrylodan-labeled MARCKS-(151-175) on a vesicle (Fig. 7B) implies that calmodulin interacts with a membrane-bound peptide and produces a rapid desorption of the peptide from the vesicle. We argue below that calmodulin pulls the peptide off the membrane rapidly by sequentially replacing the electrostatic and hydrophobic peptide-membrane interactions with equivalent peptide-protein interactions. For curve a, 100 M 10:1 PC/PS LUV 100 was premixed with 100 nM peptide, and this sample was mixed rapidly with a 9-fold excess of 1:1: 0.02 PC/PS/NBD-PE LUV 100 in a stoppedflow chamber. For curve b, 100 M 10: 0.89:0.11 PC/PS/NBD-PS LUV 100 was premixed with 100 nM peptide, and this sample was mixed rapidly with a 10-fold excess of 1:1 PC/PS LUV 100 in a stoppedflow chamber. The decrease (curve a, E) or the increase (curve b, Ⅺ) in the acrylodan fluorescence was monitored at 460 nm (excitation at 370 nm). The solid curves show the best single exponential fits with the relaxation time tr ϭ 175 ms (curve a, E) or tr ϭ 180 ms (curve b, Ⅺ); these correspond to k off ϭ 5.7 s Ϫ1 (curve a, E) and k off ϭ 5.6 s Ϫ1 (curve b, Ⅺ). a.u., arbitrary units.
Calmodulin-induced Release of Acrylodan-labeled MARCKS-(151-175) from Vesicles-Our
DISCUSSION
Our experiments support three conclusions: (i) MARCKS-(151-175) binding to phospholipid vesicles is diffusion-limited; (ii) the lifetime of MARCKS-(151-175) on a vesicle is ϳ1 s under physiological conditions (5:1 PC/PS 100-nm vesicle in 100 mM KCl); and (iii) Ca 2ϩ -calmodulin reduces significantly the lifetime of MARCKS-(151-175) on a vesicle. We discuss each of these results in turn.
Association of Peptide and Vesicles Is Diffusion-limitedFive observations provide strong evidence that the partitioning of acrylodan-labeled MARCKS-(151-175) onto phospholipid vesicles is a diffusion-controlled process, even though the peptide penetrates the polar head group region (Fig. 1) : the association rate constant (k on ) is independent of the molar partition coefficient (Fig. 2) ; k on agrees well with the value predicted for a diffusion-limited process (Table I) ; k on is proportional to the radius of the vesicle (Fig. 3 and Equation 4) ; k on is similar for both K151C-MARCKS-(151-175) and C-K 7 (Table I) ; and k on decreases as the viscosity of the solution increases.
Other groups have investigated the rate at which proteins and peptides bind to phospholipid vesicles. For example, the peripheral membrane protein annexin VI binds to 120-nm vesicles with approximately a diffusion-limited rate (k on ϭ 10 10 M Ϫ1 s Ϫ1 ) (43) . The association rate constants for alamethicin and melittin, two peptides that do penetrate the polar head group region, are 6-and 30-fold slower, respectively, than the diffusion-controlled association rate (44, 45) ; these peptides assume an ␣-helix conformation when they bind to vesicles, which may slow their membrane association. MARCKS-(151-175) remains extended and does not adopt an ␣-helical conformation when it partitions onto a membrane (22, 24) . Our observation that acrylodan-labeled MARCKS-(151-175) binds rapidly to the polar head group region of a lipid vesicle probably applies to the membrane binding of the effector region of the intact MARCKS protein as well (see Introduction).
Determination of the Dissociation Rate Constant (k off )-We estimated k off in three independent ways: (i) as the y axis intercept of a plot of the reciprocal of the relaxation time (1/) versus vesicle concentration (see Fig. 5 and Equation 3), (ii) as the rate of peptide transfer from donor to acceptor vesicles (see Fig. 6 and Equations 5 and 6), and (iii) as the ratio of the association rate constant and the molar partition coefficient (see Table II and Equation 7 ). There is good qualitative agreement between the independent measurements. The lifetime (1/k off ) is approximately proportional to the molar partition coefficient (Table II) (Table II) .
Calmodulin Ϫ , the rate of transfer from HA to B Ϫ is reduced by a factor of 10 ⌬pK . The transfer of a proton between two weak acids is a relatively simple process; why should the transfer of a peptide from the membrane to CaM be similar to the transfer of a proton between weak acids? Specifically, how can the transfer of peptide from the membrane to CaM occur so rapidly? One possibility is that Ca 2ϩ ⅐CaM collides with the membrane-bound peptide and then pulls the basic and hydrophobic residues off the membrane one by one, replacing the individual peptidemembrane interactions with corresponding peptide-protein interactions. This is what happens, for example, when the ionophore monactin binds a potassium ion, a process that results in dehydration of K ϩ . The process occurs very rapidly because the water molecules bound to the potassium ion are stripped off one by one and replaced with oxygens in the binding cavity of the carrier as it wraps around the ion (47) . To examine how Ca 2ϩ ⅐CaM might rapidly pull the residues of MARCKS-(151-175) off the membrane, we calculated the electrostatic potential adjacent to a molecular model of the MARCKS peptide bound to a phospholipid bilayer containing acidic lipid ( Fig. 1) (42) . A recent neutron diffraction study provides evidence that CaM indeed activates myosin light chain kinase by "inducing a significant movement of the kinase's CaM binding and autoinhibitory sequences away from the surface of the catalytic core" (50) .
Biological Implications-MARCKS exists in lateral domains at the surface of plasma membranes in some cell types; for example, it is concentrated in nascent phagosomes of macrophages (7). MARCKS-(151-175) forms lateral domains in phospholipid vesicles; acidic lipids such as PS and PIP 2 are sequestered in these domains (22) . PIP 2 is involved in the membrane binding of proteins such as phospholipase C-␦ 1 (51, 52) , gelsolin, and profilin (53) . Ca 2ϩ ⅐CaM produces translocation of MARCKS-(151-175) from vesicles (19) , just as it produces translocation of MARCKS from phospholipid vesicles (10) and some biological membranes (11) . In the phospholipid vesicle system (22) , translocation of MARCKS-(151-175) to the aqueous phase breaks up the domains, thereby releasing PIP 2 that then can be hydrolyzed by phosphoinositide-specific phospholipase C. The results obtained here and in studies on domains in phospholipid vesicles (22) suggest that an increase in the level of calcium ions, and hence Ca 2ϩ ⅐CaM, in biological cells could lead to rapid desorption of the effector region of MARCKS from the membrane and a subsequent rapid release of PIP 2 . Thus, the ability of Ca 2ϩ ⅐CaM to remove the effector region of MARCKS from plasma membranes may provide a rapid (millisecond) switch to release PIP 2 sequestered in lateral domains. reduce the magnitude of the negative surface charge density on the vesicle, which reduces the molar partition coefficient (K) by Ͼ10-fold (Fig. 8) . When K decreases, k on should decrease, k off should increase, or both (Equation 7). We have shown that association is diffusion-limited and that k on is independent of the surface charge density. Thus, changes in the molar partition coefficient (K) must affect the dissociation rate constant (k off ). If is constant, even though K decreases, then k off must be Ͻ Ͻk on [V] Ϸ 6 s Ϫ1 (Equation 3). As expected theoretically, when we repeated the experiment using a lower concentration of lipid (e.g. Table II summarizes K for K151C-MARCKS-(151-175) partitioning onto vesicles in 100 mM KCl with 20 nM peptide. As expected (19) , K also decreases as the ionic strength increases. in 200 mM KCl (data not shown). We obtained the same K values using LUV 100 and LUV 600 (data not shown). The molar partition coefficients of acrylodan-labeled MARCKS-(151-175) agree well with those found for unlabeled peptide using a fluorescamine assay (19) , which suggests that acrylodan introduces only a small (Ͻ1 kcal/mol) additional hydrophobic contribution to the binding energy. We also found that binding of acrylodan-labeled MARCKS-(151-175) to vesicles was independent of the position of label in the peptide (data not shown). 
